INTRODUCTION ϭϲ
The Gram-positive bacterium Streptococcus pyogenes, also known as Group A Streptococcus concentrations: chloramphenicol, 3 μg/mL; erythromycin, 0.5 μg/mL; and spectinomycin, 100 μg/mL. ϳϬ GAS liquid cultures were grown statically in one of the following types of media: THY, C-medium (25), ϳϭ or chemically-defined media [CDM; (47)] containing 0.5% glucose and supplemented with L-asparagine ϳϮ to 100 mg/L. For all experiments, overnight cultures were grown at 30°C in indicated media, diluted to ϳϯ OD 600 § 0.01 into fresh media of the same type, and incubated at 37°C for the duration of the ϳϰ experiment. All plasmids were constructed using E. coli DH10ȕ (Invitrogen) or BH10C (18) as the host, ϳϱ and all E. coli were grown in Luria broth at 30°C with shaking with antibiotics as needed at the ϳϲ following concentrations: chloramphenicol, 10 μg/mL; erythromycin, 500 μg/mL; and spectinomycin, ϳϳ 100 μg/mL. ϳϴ Construction of serR, sdhB, and sloR mutants and complementation vectors. All plasmids and ϳϵ oligonucleotide primers (Integrated DNA Technologies) used in this study are listed in Table 1 and   ϴϬ   Table 2 , respectively. Construction of mutants was accomplished by allelic exchange using the method ϴϭ previously described (11). This method uses a temperature-sensitive pG + host9 plasmid (pFed760) (29) reactions as template and primers BL17 or BL19 and BL27. These primers include restriction enzyme ϭϭϲ sites that create EcoRI sites at both ends of the P sloR -luxAB fusion product or BamHI and EcoRI sites at ϭϭϳ the 5' and 3' ends of the P sdh -luxAB fusion product, respectively. Following digestion with EcoRI and/or ϭϭϴ BamHI, the desired fusion products were gel purified and ligated into likewise digested p7INT to ϭϭϵ generate pBL105 and pBL106. All plasmid-generating ligation reactions were transformed into DH10ȕ ϭϮϬ or BH10C E. coli and cells were plated on Luria Broth plates with erythromycin to select for ϭϮϭ transformants. Following transformation of reporter constructs into GAS, and integration of the reporters ϭϮϮ into the chromosome was confirmed by PCR.
ϭϮϯ Luciferase reporter assay. Overnight cultures of GAS strains carrying transcriptional fusions were ϭϮϰ diluted to OD 600 = 0.01 in fresh media of the same type and grown at 37°C without agitation.
ϭϮϱ Throughout growth, culture optical transmittance at 600 nm was measured using a Spectronic 20D ϭϮϲ spectrophotometer (Milton Roy). Concurrently, 100 μL aliquots of cultures were placed in a 96-well ϭϮϳ dish and exposed to decyl aldehyde vapors for 35 seconds (Acros Organics). Prior to measuring ϭϮϴ luminescence, the plate lid was removed and luminescence readings were performed within 1 minute.
ϭϮϵ
All luminescence measurements were performed using a 1450 Microbeta Plus Liquid Scintillation ϭϯϬ Counter (Wallac). All luciferase data shown is representative of experiments performed in triplicate.
ϭϯϭ Purification of RNA and Microarray Analysis. NZ131 and the isogenic serR deletion mutant ϭϯϮ (BNL100) were grown to mid-logarithmic phase in C-medium at 37°C without shaking. RNA was ϭϯϯ harvested from three replicate cultures using RiboPure-Bacteria Kit (Ambion) according to the ϭϯϰ manufacturer's instructions, and the quality of the RNA was confirmed by agarose gel electrophoresis.
ϭϯϱ RNA concentrations were determined using a NanoDrop 1000 spectrophotometer (Thermo Scientifiic).
ϭϯϲ
Reverse transcription using Superscript II RT (Life Technologies) and random hexamer primers (Life ϭϯϳ Technologies) was performed with 5 μg total bacterial RNA incorporating an amino-allyl dUTP ϭϯϴ ϴ (Sigma). RNA was degraded using sodium hydroxide and cDNA was purified using PCR Purification ϭϯϵ Kit (Qiagen). cDNA was then incubated with Cyanine-3 ester (AmershamPharmacia), washed again ϭϰϬ using the PCR Purification Kit, and dye incorporation was measured using a NanoDrop. 
ϮϬϵ
Radioactivity was assessed using a Beckman LS 6000 IC scintillation counter.
ϮϭϬ

Ϯϭϭ
RESULTS
ϮϭϮ
Deletion of spy49_0126c results in aberrant growth compared to wild-type GAS. In this Ϯϭϯ study, we aimed to investigate more thoroughly the role of the sloR operon in GAS due to its previously ϮϮϰ reports (33). However, when BNL100 was grown in more nutrient-poor mediums, growth defects ϮϮϱ became apparent. In the peptide-rich, glucose-low C-medium, BNL100 grew at a similar rate to wild-ϮϮϲ type until the optical density of the culture (OD 600 ) reached approximately 0.3, at which point the growth ϮϮϳ rate of the mutant slowed. The growth of BNL100 remained slower than wild-type for the remainder of ϮϮϴ the growth curve but similar culture yields were reached with both strains ( Figure 1C ). In contrast, in ϮϮϵ chemically-defined media (CDM), which is rich in glucose but has only free amino acids and no ϮϯϬ ϭϮ peptides, BNL100 showed a sizeable growth yield defect. Despite having similar growth rates compared Ϯϯϭ to wild-type GAS, BNL100 cultures never reached as high of cell densities as did wild-type ( Figure 1D ).
ϮϯϮ
A single copy of the spy49_0126c gene at a neutral location in the chromosome fully complemented this Ϯϯϯ growth defect ( Figure 1D ).
Ϯϯϰ
Deletion of spy49_0126c results in the enhanced expression of multiple operons, some
Ϯϯϱ associated with L-serine utilization. Given the annotation of spy49_0126c as a putative transcriptional Ϯϯϲ regulator and the aberrant growth profiles of BNL100, we sought to identify putative targets of Ϯϯϳ regulation by the spy49_0126c gene product. Microarray analysis was carried out using RNA harvested
Ϯϯϴ from wild-type and BNL100 strains at mid-log phase grown in C-medium. This medium was used in Ϯϯϵ order to enhance the likelihood that genes responsible for aberrant growth would be identified while ϮϰϬ allowing for sufficient growth of both strains without the risk of BNL100 entering stationary phase, as Ϯϰϭ might occur had CDM been used. Microarray analysis revealed higher expression of four annotated ϮϰϮ operons by more than 5-fold in BNL100 compared to the parental strain (Table 3) . Two of these operons Ϯϰϯ consisted of genes encoded divergently from spy49_0126c, including sloR (spy49_0128) and subunits of 
ϮϱϮ
These enzymes are widespread in bacteria (14) deletion of sdhBA should fully restore culture yields of BNL100 grown in CDM to wild-type levels. We ϯϮϯ deleted sdhB from the chromosome by allelic exchange in NZ131 and BNL100 to generate BNL116 and ϯϮϰ BNL117, respectively. In the sdhBA operon, the sdhB gene is located proximal to the promoter, ϯϮϱ followed by sdhA. The chloramphenicol resistance cassette used to replace the sdhB gene included a ϯϮϲ transcriptional terminator, thereby likely disrupting expression of sdhA as well. NZ131 (wild-type), ϯϮϳ BNL100 (ΔserR), BNL116 (ΔsdhB), and BNL117 (ΔserR, ΔsdhB) were grown in CDM and culture ϯϮϴ growth was assessed. Deletion of sdhB in NZ131 had no effect on growth yield of the culture (NZ131 ϯϮϵ compared to BNL116, Figure 5A ). However, deletion of sdhB in BNL100 was sufficient to fully restore ϯϯϬ growth culture yields to wild-type levels without the addition of extra L-serine (BNL100 compared to ϯϯϭ BNL117, Figure 5A ). These results support the hypothesis that increased sdhBA expression in BNL100 ϯϯϮ contributes to the reduced culture yield in CDM, likely by increasing the nutritional requirement for L-ϯϯϯ serine.
ϯϯϰ
To further test our hypothesis, we examined if sdhBA expression correlated with ammonia ϯϯϱ excretion, as L-serine degradation by SdhBA should produce pyruvate and ammonia. We hypothesized ϯϯϲ that BNL100 would produce more ammonia than wild-type NZ131 due to increased expression of ϯϯϳ sdhBA, whereas BNL117 should produce less ammonia due to the lack of SdhBA. Results of our ϯϯϴ experiment supported this hypothesis. NZ131 (wild-type), BNL100 (ΔserR), and BNL117 ϯϯϵ (ΔserR,ΔsdhB) were harvested from mid-log cultures, resuspended in a neutral buffer conatining 50 mM ϯϰϬ L-serine, and incubated at 37°C to allow for the enzymatic degradation of L-serine and excretion of ϯϰϭ ammonia. After 4 hours, NZ131 supernatants contained 0.797 +/-0.078 mM ammonia, whereas ϯϰϮ BNL100 supernatants contained over 3-fold more ammonia after the same amount of time (2.726 +/-ϯϰϯ 0.0116 mM) ( Figure 5B ). This indicated that increased expression of sdhBA correlated with increased ϯϰϰ ammonia production in the presence of L-serine, consistent with L-serine degradation by SdhBA.
ϯϰϱ ϭϳ
Additionally, deletion of sdhB (BNL117) resulted in the production of only 24.66 +/-0.59 ȝM ammonia ϯϰϲ after 4 hours, over 100-times less than that produced by BNL100, demonstrating that enhanced ammonia ϯϰϳ production by BNL100 in the presence of L-serine depended on expression of sdhBA ( Figure 5B ). These ϯϰϴ data provide further evidence that BNL100 has an increased nutritional requirement for L-serine due to ϯϰϵ increased expression of sdhBA and consequent L-serine degradation.
ϯϱϬ
The SloR operon modulates the rate of L-serine consumption in GAS. Unexpectedly, strain ϯϱϭ BNL161 (ΔserR, ΔsloR), generated by deletion of sloR in BNL100, did not have a growth yield defect in ϯϱϮ CDM ( Figure 6A ). Previous publications have indicated roles for SloR activity in SLO regulation at ϯϱϯ both transcriptional and secretory steps (33, 37) but have never linked this gene to any metabolic role in ϯϱϰ the cell. The ability of the sloR deletion to complement the growth yield defect of BNL100 in CDM ϯϱϱ suggested that SloR plays a role in L-serine catabolism (BNL161 versus BNL100, Figure 6A ). increasing the rate of L-serine transport into the cell. If this were the case, deletion of sloR in BNL100 ϯϳϰ would decrease the rate at which L-serine was transported into the cell, thereby disrupting the enhanced ϯϳϱ L-serine turnover we hypothesized to be present in strain BNL100. To test this hypothesis, we measured ϯϳϲ the ability of GAS strains to take up radiolabeled L-serine at a point in exponential growth prior to Figures 1B, 4 , 5, and 6). However, the importance of L-serine catabolism to GAS physiology ϰϬϴ remains unclear. It seems paradoxical that S. pyogenes would maintain a mechanism for degrading L-ϰϬϵ serine considering that it is auxotrophic for this amino acid, however serR, sloR, and sdhBA are ϰϭϬ conserved in all sequenced GAS genomes (http://www.microbesonline.org) (12). We hypothesize that ϰϭϭ L-serine degradation may contribute in yet to be defined ways to GAS survival and pathogenesis.
ϰϭϮ During our investigation, we observed that NZ131 cells harvested at mid-log phase are less sensitive to ϰϭϯ low pH in the presence of L-serine than in its absence, while the presence of L-serine had no effect on ϰϭϰ ϮϬ the pH tolerance of a ΔsdhB mutant (our unpublished results), suggesting that L-serine catabolism may ϰϭϱ contribute to pH tolerance in GAS. We also observed that the sdhB mutant fails to aggregate and does ϰϭϲ not pellet readily as compared to its wild-type counterpart (our unpublished data), suggesting that ϰϭϳ surface components, such as extracellular polysaccharide or membrane and cell wall-associated proteins, ϰϭϴ are altered in the sdhB mutant. The mechanism(s) behind these physiological changes resulting from the ϰϭϵ deletion of sdhB remain to be elucidated, but it is clear that additional work will be needed to determine ϰϮϬ how L-serine catabolism and its regulation affect GAS physiology and pathogenicity. The distance between the sdhBA operon relative to serR in the genome initially seemed odd, ϰϰϵ given that the other genes regulated by SerR, with the exception of SerS, are in direct proximity to SerR. serine catabolism, although it should be noted that none of these regulators have been shown to directly ϰϲϬ ϮϮ bind the promoters of these genes. Expression of sdhB was increased in a ccpA covR double mutant in ϰϲϭ GAS, although no difference was seen in the either single mutant (41), and deletion of the stand-alone ϰϲϮ regulator ropB (rgg) results in increased expression of sdhBA as well as genes involved in the arginine ϰϲϯ demininase pathway (4, 5). Spy49_0127 and sloR were upregulated in both a covR mutant (15) 
